Introduction
Male factor infertility, primarily diagnosed by abnormal semen parameters, is the single most common de®ned cause of infertility (Hull et al., 1985; World Health Organization, 1999) . Although the multiple underlying causes of male infertility are poorly understood, treatment using ICSI is very effective and routinely used for men with mild and severe forms of infertility. Consequently, conventional IVF is now reserved for men with normal or nearly normal semen parameters (mild male factor infertility).
With the general elimination of men with sperm dysfunction, it is therefore surprising that total fertilization failure is still a relatively common occurrence at IVF (Ola et al., 2001; Tournaye et al., 2002) . For example, a randomized controlled trial comparing ICSI and IVF in mild male factor infertility reported that fertilization failure occurred in 25% of the IVF cycles (Tournaye et al., 2002) . Flexible clinical and laboratory protocols, such as insemination of higher numbers of sperm, reduce this number to~5%, but failed fertilization is still apparent (Tournaye et al., 2002) . This emphasizes the fact that sperm dysfunction not apparent with conventional semen analysis is a signi®cant cause of fertilization failure.
Until recently, we knew very little about the detailed clinical nature of sperm dysfunction in so-called`hidden' male factor infertility (Mackenna et al., 1993) . However, there is accumulating data in humans to show that sperm defects, such as defective zona binding or the zona-induced acrosome reaction, are a signi®cant cause of poor fertilization and total fertilization failure in assisted conception (Franken et al., 1993; Oehninger et al., 1997; Baker, 2000, 2003; Esterhuizen et al., 2001; Liu et al., 2001; Bastiaan et al., 2003) . As well as these proposed defects, it is likely that this is a very heterogeneous phenotype and that there are other factors involved in failed fertilization that have yet to be established. These may also prove to be signi®cant causes of sperm dysfunction in men with apparently normal semen or mild male factor infertility.
At present, there is no information regarding what the molecular nature of these defects in spermatozoa might be or whether they represent defects in individual proteins involved in these mechanisms. In animals, there is evidence that individual protein knockouts can affect zona binding, for example SED-1 (Ensslin and Shur, 2003) , and so it is possible that individual protein defects in the human might also cause fertilization failure. In addition, there are also data to suggest that certain molecular mechanisms during fertilization may be different in humans compared with rodents, for example fertilin (Frayne et al., 1999) and the molecular composition of the zona pellucida (Hughes and Barratt, 1999) . Therefore, it is important to examine these events in the human rather than animal models.
Proteomics (the study of proteins in a genome) is a key area of emerging research in the post-genomic era (Brewis, 1999; Aebersold and Mann, 2003; Tyers and Mann, 2003) . As proteins, or more correctly protein±protein interactions, are responsible for cellular function, it is critical that a comprehensive and systematic identi®cation and quanti®cation of proteins expressed in cells and tissues is undertaken to gain new insights into these processes. In contrast to the genome, the proteome is not a ®xed feature of an organism, but differs, for example due to disease state (Banks et al., 2001) . Advances in two-dimensional electrophoresis (2DE) for the separation of proteins, and mass spectrometry (MS) in particular for peptide sequencing to facilitate protein identi®cation has led to this ®eld rapidly expanding throughout biomedical research (Blackstock and Weir, 1999; Pandley and Mann, 2000) . Spermatozoa should be a good cell type for proteomic studies as they are transcriptionally inactive and hence there is not the consideration of new protein synthesis that exists in mature cells (Brewis and Wong, 1999) .
There are a number of groups that have studied spermatozoa using proteomic approaches to enable the visualization of many proteins at the same time. In several studies, Herr and coworkers have used proteomics coupled with tandem mass spectrometry (MS/MS) to discover possible target proteins for the development of contraceptive vaccines primarily using antisperm antibodies (Naaby-Hansen et al., 1997; Shetty et al., 1999 Shetty et al., , 2001 Shibahara et al., 2002) . Examining those proteins recognized by antisera from immune infertile patients has also been investigated by other groups (Primakoff et al., 1990; Krause, 1999, 2003) , and Bohring et al. (2001) have published work identifying some of these proteins using matrix-assisted laser desorption/ionization-time of¯ight (MALDI-TOF) MS. Other than these, there have been very few studies that have employed proteomic approaches to examine male infertility. An exception to this are two papers investigating the role of A-kinase anchoring protein (AKAP) in ®brous sheath defects (dysplasia of the ®brous sheath and stump tail spermatozoa) (Turner et al., 2001a,b) . In both cases, no role for defects in the AKAP genes or their resulting proteins in these infertility conditions was found. Proteomics has also been applied in several studies to examine different aspects of normal sperm function. Examples have included calcium-binding proteins and proteins that are tyrosine phosphorylated Ficarro et al, 2003) .
The aim of this study was to employ proteomic strategies potentially to identify, objectively and without preconceptions, sperm protein defects that might be responsible for failed fertilization at IVF. Speci®cally, we were interested in identifying differences in sperm protein expression between control (fertile) men and a patient with spermatozoa that failed to fertilize at IVF. We have taken into consideration possible variation between different ejaculates from the fertile donors that were assessed in order to con®rm that any differences observed in the patient sample were real. This study has focused on one patient and should be thought of as a proof of principle that proteomics may be used to study such defects.
Materials and methods

Chemicals
Unless otherwise stated, all of the reagents for 2DE and silver staining were from Amersham Biosciences, Chalfont St Giles, Bucks, UK. Sequencing grade modi®ed trypsin (V5111) was from Promega, Southampton, UK. Percoll, CHAPS, HEPES, urea, 2,5-dihydroxybenzoic acid (DHB), acetonitrile, iodoacetamide, the molecular weight markers (M4038 and M3788) and thiourea (speci®cally Fluka Product Number 88810) were from The Sigma Chemical Company, Poole, Dorset, UK. Unless otherwise stated, all other chemicals were at least Analar grade and from Sigma.
Donors and patient
The research donors were recruited at The Assisted Conception Unit, Birmingham Women's Hospital [Human Fertilization and Embryology Authority (HFEA) Centre 0119] in accordance with HFEA Code of Practice. All of the samples were screened and shown to be free from sexually transmitted diseases, including human immunode®ciency virus (HIV), in accordance with recommended guidelines (British Andrology Society, 1999) . These donors were normozoospermic in accordance with WHO guidelines (World Health Organization, 1999) with >14% ideal morphological forms (by strict criteria) and no antisperm antibodies. Additionally, all donors had a sperm concentration >60 Q 10 6 sperm/ml. They were of proven fertility either with their own partner or through the use of their cryopreserved semen in donor insemination treatment cycles.
The incidence of failed fertilization at IVF is <4% in our clinic. However, it is rare that the female presents no symptoms that might themselves contribute to the failed fertilization. Such factors might include age, polycystic ovarian syndrome or low numbers of eggs (<5) produced from superovulation. In reviewing our database, 20 patients exhibited failed fertilization from 604 IVF cycles over the last 2 years. Fifteen patient couples had de®ned female factors that might contribute to fertilization failure or the semen sample was either not normozoospermic according to WHO criteria (World Health Organization, 1999) or contained antisperm antibodies. In total, only ®ve patients were therefore deemed suitable for this study using these criteria. There were no examples of repeated cycles of failed fertilization at IVF as ICSI is invariably followed in subsequent treatment cycles. The patient that we selected ful®lled these criteria, and sperm preparation during the treatment cycle resulted in a good yield of progressive sperm that were diluted to 200 000 progressive spermatozoa in 1 ml. In total, nine eggs were produced that all failed to be fertilized in one IVF cycle. The female partner had no other complicating factors that might obviously in¯uence fertility and there were no other unusual circumstances during the treatment cycle.
Initial assessment of the patient revealed no evidence of physiologically signi®cant levels of antisperm antibodies, >14% normal sperm morphology, a total of 220 Q 10 6 sperm and 50% forward progressive motility. The patient was re-tested immediately prior to the analyses and again found to be apparently normozoos-permic. Two standard semen analyses were carried out on separate occasions showing: sperm concentration 35 Q 10 6 and 44 Q 10 6 /ml; volume 4.5 and 3.5 ml; 62 and 32% forward progressive motility; and on both occasions >14% morphologically normal forms. Spermatozoa were also subjected to the Kremer test (performed in hyaluronic acid) as described in Ivic et al. (2002) , and this was shown to be within normal limits.
Approval was obtained from the Local Research Ethics Committee (LREC 5570) for this particular study, and the patients and donors all gave informed consent for the work. Semen was collected by masturbation after 2±3 days of sexual abstinence, and allowed to liquefy for 30 min at 37°C (95% CO 2 in air). Both the patient and one of the donors produced samples at the same time to enable the two samples to be analysed in parallel.
Sample preparation
Fast progressively motile spermatozoa were puri®ed by a Percoll gradient technique (Moohan and Lindsay, 1995) . The 100% isotonic Percoll was prepared by adding Percoll with M medium (10Q; 1.37 mol/l NaCl, 25 mmol/l KCl, 200 mmol/l HEPES, 100 mmol/l glucose) in a ratio of 12:1 (v/v). Percoll fractions of 90 and 45% were then made by diluting the 100% Percoll with M medium (1Q; 137 mmol/l NaCl, 2.5 mmol/l KCl, 20 mmol/l HEPES, 10 mmol/l glucose, osmalality adjusted to 285±300 mOsm/kg with NaCl). A density gradient of Percoll was prepared in a Falcon tube (90% fraction under the 45% fraction, 1 ml of each) and overlaid with semen (1 ml). Following centrifugation (800 g, 20 min), the pellet was aspirated, washed and resuspended in M medium. Fast progressive motility (>10 mm/s) of the vast majority (>90%) of the cells was con®rmed using a Hamilton-Thorne Research IVOS version 10.9, USA with standard set-up procedures (ESHRE Andrology Special Interest Group, 1998). Sperm concentration was determined using an improved Neubauer haemocytometer.
2D electrophoresis (2DE)
Percoll-prepared cells were centrifuged (1000 g, 10 min) and resuspended in lysis buffer [7 mol/l urea, 2 mol/l thiourea, 1% (w/v) CHAPS, 1% (w/v) n-octyl glucopyranoside, 18 mmol/l dithiothreitol (DTT), 0.5% (w/v) IPG buffer pH 3±10, 0.005% (w/v) bromophenol blue, 2.4 mmol/l phenylmethylsulphonyl¯uoride (PMSF); 400 ml] (Rabilloud et al., 1997) . The sample was rotated for 1 h at room temperature and then centrifuged (20 000 g, 10 min) to remove nonsolubilized material. The supernatant (350 ml equivalent to 5 Q 10 6 cells) was added to an IPG strip holder and overlaid with an IPG strip (18 cm, pH 3±10 linear) and subjected to isoelectric focusing with an IPGphor [Amersham Biosciences; rehydration (12 h), 500 V (1 h), 1000 V (1 h), 2000 V (1 h), 4000 V (1 h), 6000 V (1 h) 8000 V (4 h)].
The focused strip was rotated in 65 mmol/l DTT in equilibration buffer [50 mmol/l Tris±HCl (from stock 1.5 M Tris±HCl, pH 8.8), 6 mol/l urea, 30% (v/v) glycerol, 2% (w/v) SDS, 0.005% (w/v) bromophenol blue] 10 ml for 15 min, and subsequently in 135 mmol/l iodoacetamide in equilibration buffer (10 ml for 15 min). Proteins were separated by SDS±PAGE using pre-cast gradient gels (ExcelGel XL SDS 12±14) and a horizontal Multiphor gel system (Amersham Biosciences; 1000 V, 20 mA for 45 min followed by 1000 V, 40 mA for 160 min) (Craven et al., 2002) . Molecular weight markers were also run on each gel (0.5 ml) and pI values assigned from known proteins and using carbamylated protein markers (Amersham Biosciences) as internal standards on a reference gel.
Gel analysis
Proteins were visualized by silver staining using a commercially available kit (Amersham Biosciences) with the standard protocol except that glutaraldehyde was omitted from the sensitizing step and formaldehyde was excluded from the silver solution but increased in the developing step. The silver staining was performed using an automated staining machine (Processor Plus, Amerham Biosciences) with identical times for each of the steps including ®nal development. Gels were initially ®xed [40% (v/v) ethanol, 10 (v/v) acetic acid, 30 min] and then sensitized [0.2% (w/v) sodium thiosulphate, 30% (v/ v) ethanol, 0.83 mol/l sodium acetate, 30 min]. Following three washes in distilled water, the gel was subjected to the silver reaction [0.25% (w/v) silver nitrate, 20 min] and subsequently washed a further twice. The gels were developed [0.24 mol/l sodium carbonate, 0.015% (w/v) formaldehyde] for 1 min and then 3 min with a fresh solution. Development was quenched with 50 mmol/l EDTA (10 min) and the gel was stored in 1% (v/v) acetic acid (modi®ed from Shevchenko et al., 1996; Yan et al., 2000) .
Gels were scanned to a high resolution (500 d.p.i.) with a high speci®cation scanner (ImageScanner, Amersham Biosciences) and saved as tiff images. Detailed gel analysis subsequently was performed using Phoretix 2D Version 5.1 and later using Phoretix 2D Evolution Version 2003.03 (NonLinear Dynamics Ltd, Newcastle, UK). This software has been demonstrated previously to be an objective and accurate method of gel analysis and to be effective in this type of study (Mahon and Dupree, 2001) . The software automates the identi®cation and quanti®cation of gel spots by normalizing spot volumes and excluding background noise spots by having a minimum area parameter. Pairs of 2D gels can be compared with the software which matches spots between gels by comparing their location (selected by determining the centre of optical density within the spot). The more advanced Phoretix Evolution has much improved detection and matching algorithms, and additionally allows images to be viewed in 3D to assist user analysis. With both versions of software, it was necessary additionally to con®rm manually that each spot had been identi®ed correctly by the software and validate the results for spot comparison between gels. This was achieved by studying enlarged onscreen images of the gels. In this study, we were interested in the absence of spots in one gel compared with the other or a marked difference in spot intensity. The marked difference in spot intensity was arbitrarily set as a >4-fold difference following advice from the software manufacturers (Nonlinear Dynamics Ltd, personal communication).
In-gel protein digestion
In-gel trypsin digestion of manually excised spots was performed using an automated 96-well plate protocol plate modi®ed from Shevchenko et al. (1996) . Spots were dehydrated with acetonitrile (80 ml, 5 min), de-stained [1:1 (v/v) ratio of freshly made 30 mmol/l K 3 Fe(CN) 6 , 100 mmol/l Na 2 S 2 O 3 .5H 2 O; 50 ml per spot, 15 min shaking occasionally], rinsed 2±3 times with 25 mmol/l NH 4 HCO 3 (50 ml) and the supernatant removed. Acetonitrile was added (50 ml, 15 min), the supernatant removed, the gel rehydrated in 25 mM NH 4 HCO 3 (50 ml, 10 min), the supernatant removed and acetonitrile added (50 ml, 15 min). The samples were dried to completeness in an oven (60°C, 30±45 min) and 10 mmol/l DTT in 25 mmol/l NH 4 HCO 3 added (25 ml, 56°C for 1 h). The sample was cooled to room temperature, the supernatant removed and 55 mmol/l iodoacetamide in 25 mmol/l NH 4 HCO 3 added (25 ml, 45 min at room temperature in the dark). Supernatant was removed and the gel plugs were washed with 25 mmol/l NH 4 HCO 3 (25 ml; 10 min). The supernatant was removed and acetonitrile was added (50 ml, 15 min). The supernatant was removed and the plugs were rehydrated with 25 mmol/l NH 4 HCO 3 (50 ml, 10 min). Following further dehydration in acetonitrile (50 ml, 15 min) and removal of the supernatant, the spots were dried to completion in an oven (60°C, 30±45 min).
Sequencing grade modi®ed trypsin was prepared as described by the manufacturer and made to a ®nal concentration of 6.25 ng/ml in 50 mmol/l NH 4 HCO 3 . This trypsin solution was added to the gel plugs (10 ml on ice until the gel had fully rehydrated). Once fully rehydrated (~20 min), the plug was covered with a minimal volume of 25 mmol/l NH 4 HCO 3 (10 ml) to keep the gel wet during digestion, and incubated at 37°C overnight. The digestion buffer (10 ml) that surrounds the gel plug was removed and placed in a well in a clean plate. The buffer was dried to completion in an oven (60°C) and the remaining peptides resuspended in 1% (v/v) formic acid (6 ml) for MS/MS or in 0.1% (v/v) tri¯uoroacetic acid (TFA; 0.5 ml) for MALDI-TOF MS.
Protein identi®cation MS/MS was performed on the sample (5 ml) using a nanoESI Q-Tof mass spectrometer (Q-Tof Ultima GLOBAL, Micromass Ltd, Manchester, UK) following separation of peptides using capillary liquid chromatography (Waters Ltd, Elstree, Hertford, UK) and a PepMap C18 column [75 mm i.d. Q 15 cm; catalogue no. 160396, Dionex (UK) Ltd, Camberley, Surrey, UK]. Following MS/MS, the raw data were processed using MassLynx 3.5 (Micromass). The tryptic peptide sequences were then compared with the NCBI nonidentical protein sequence database using MASCOT software (Matrix Science Ltd, London, UK). Following matching of a peptide to a protein, the quality of the raw MS/MS data was validated (this required the presence of good quality y-ion data). Finally, each of the peptides was used to BLAST search to con®rm that the protein identi®ed by MASCOT was the only relevant match in the nonredundant protein database for a particular peptide sequence (Kinter and Sherman, 2000) . Samples (0.5 ml) subjected to MALDI-TOF MS were mixed with an equal volume of DHB matrix. This was prepared by mixing 5 mg of DHB in 1 ml of 1:2 (v/v) acetontrile:0.1% (v/v) TFA solution. This was mixed well and spotted onto an AnchorChip target plate (Bruker Daltonics Ltd, Coventry, UK) keeping the droplet centred on the anchor spot (400 mmol/l target selected). This was allowed to dry, and MALDI mass spectra were obtained using a Bi¯ex IV MALDI-TOF MS (Brucker Daltonics) with a nitrogen laser at 337 nm following routine calibration. The singly charged peptide ®ngerprint was assigned monoisotopic peptide masses using Biotools software (Brucker Daltonics). These data were then used to search the NCBI non-identical protein sequence database using MASCOT software (Matrix Science), and statistically signi®cant hits were recorded together with the number of peptides and percentage coverage of the protein.
Results
Assessment of variation in the proteome of normozoospermic fertile donors
It was important to assess the level of variation in performing 2DE on human spermatozoa. Such variation might be caused by problems of reproducibility with sample preparation and/or performing the 2DE (experimental variation). It might also be caused by differences in proteins in the control samples either from different ejaculates from the same donor (intra-donor variation) or from ejaculates from different donors (inter-donor variation). To address this issue provisionally, detailed gel analyses using Phoretix Evolution software on four paired experiments were performed and the results are presented in Table I .
To examine experimental variation, two gels were analysed from the same ejaculate of a donor of proven fertility prepared and processed simultaneously. This revealed a low variation, with only 14 spots (1.3% of the total number of spots identi®ed) missing from one gel compared with the other. Different ejaculates from the same donor were compared (two gels) as were ejaculates from two different donors (two gels). These experimental samples were prepared at different times but electrophoresed simultaneously. This revealed intra-and inter-donor variation to be 16 spots in each case (corresponding to 1.4 and 1.8% of the total number of spots identi®ed, respectively). The number of spots showing increased or decreased expression were 58, 84 and 67 for experimental, intra-donor and inter-donor variation, respectively (Table I) .
Altered protein expression in the patient sample compared with fertile controls Finally, the same donor sample used as the reference gel in the above study was compared with a gel from the patient. These two gels were derived from one experiment where the control and patient sample had been prepared in parallel to minimize experimental variation. In the ®rst instance, this revealed 28 spots missing in the patient sample but present in the control sample, and 20 spots missing in the control sample but present in the patient sample. This corresponded to 5% of the total Experimental, intra-donor, inter-donor and patient versus control variation was assessed by gel analyses of four gel pairs using Phoretix Evolution software. Increased and decreased expression was de®ned as a >4-fold difference in spot intensity between the two gels.
number of spots missing from one gel compared with the other. In this comparison, the number of increased or decreased spots (b4-fold change in intensity) was also detected, and revealed 29 spots with increased expression and seven spots with decreased expression in the patient sample compared with the control. However, this represented only one experiment. To examine this variation between the control and the patient in detail, this experiment was performed on three separate occasions with different ejaculates each time. The patient and control sample were examined in parallel each time. Two gels (one control and one patient sample) from the same experiment are shown in Figure 1 (these are the same gels analysed in Table I ). Differences noted on each occasion were only examined further if spots were missing/additional or signi®cantly changed in all patient samples (ejaculates) compared with all donor gels in these three experiments. These data were then compared with six further gels (two different ejaculates from three different donors), and again only those spots that were consistently different in every gel were noted. These samples were prepared and separated in parallel and this experiment was performed in triplicate. Proteins from 5 Q 10 6 cells were loaded onto each gel. The apparent molecular weights are indicated down the side, and the pI values across the top of the gels. The 20 protein spots highlighted are those that consistently displayed altered expression between the patient and control samples following detailed analysis of all of the gels including other control samples (see text). (A) Spots that were unique to the control gels are indicated by black arrows. Spots showing increased expression in the control gels compared with the patient gels are indicated by white arrows. (B) Spots that were unique to the patient gels are indicated by white arrows. Spots showing increased expression in the patient gels compared with the control gels are indicated by black arrows. Conclusive or provisional protein identi®cation was achieved for spots 1±4 (see Table II ).
Sperm proteomics after failed IVF
Based on these analyses, we have identi®ed 20 differences between the control and patient samples that we can be con®dent represent true differences. There were six spots present in each of the fertile controls but absent in all of the gels from the patient, three spots present in the patient but absent in the control samples, seven spots more intense in the patient and four spots more intense in the control. These spots are highlighted in Figure 1 . Figure 2 has been included to demonstrate how Phoretix Evolution software is used. The reference (control) gel and the experimental (patient) gel are green and purple, respectively, and differences can be clearly seen. These can be assessed further using the 3D viewing feature where the third dimension is the pixel intensity of the image. The region of the gel presented corresponds to that region in Figure 1 where successful protein identi®cation was achieved. Note, however, that this ®gure corresponds to only one experiment, and only those spots with consistent differences in all the analyses are annotated.
Protein identi®cation
We have attempted to identify all of the proteins from those spots that showed consistently altered expression in the patient samples. However, we have only successfully achieved sequencing data for four spots to date. These data are summarized in Table II . Two proteins displayed increased expression in the patient sample compared with the fertile controls. One of these was secretory actin-binding protein which was identi®ed from peptide mass ®ngerprinting of six peptides by MALDI-TOF MS. These peptides corresponded to 56% coverage of the protein. The other was outer dense ®bre protein 2/2 which was conclusively identi®ed from eight peptide sequences from MS/MS. Interestingly, these peptides corresponded to the protein sequence of only half of the protein, and the actual molecular weight of this protein on the gel was 18 kDa. Two proteins that were absent in the patient sample compared with the control were provisionally identi®ed as DEAD/DEAH box helicase (DDX37) and a bromodomain PHD ®nger transcription factor. However, identi®cation was achieved from only one and two peptides, respectively, and the MS/MS sequence data were not of suf®cient quality for conclusive identi®cation. The actual molecular weights of these spots was~20 kDa.
Discussion
The systematic unbiased identi®cation of proteins using proteomic strategies presently is the subject of much interest in biomedical research and has been shown to be a very powerful approach (Tyers and Mann, 2003) . However, it is particularly complex, and much technical development and expertise is required to facilitate such studies for full protein identi®cation. It is much more straightforward to perform 2DE, and a number of scientists have done this for human spermatozoa, with the best mapping project to date by Naaby-Hansen et al. (1997) . However, no studies have examined the potential variability of the proteome in different semen samples. This was a particular concern in this study. It is important to discount the possibility that any differences might be accounted for by experimental variation due to sample preparation and 2DE or within the normal variation of the control samples.
In the ®rst instance, extensive technical development was carried out optimizing sample preparation, in particular protein solubilization, and 2DE reproducibility. Several technical advances in recent years have facilitated 2DE reproducibility, including immobilized pH gradients in gel strips and pre-cast second dimension gels (Rabilloud et al., 1997; Craven et al., 2002) . With these, we routinely achieve a very high level of Figure 2 . An example to demonstrate the results obtained from automated gel analysis. The area shown corresponds to the region of the gel where protein identi®cation was successfully achieved. Gel analysis was performed using Phoretix Evolution software. Top panel: Phoretix overlay analysis of the patient sample (purple gel) compared with the fertile control (green gel). This allows analysis by observing differences in coloured areas. For example, spots that are absent (or signi®cantly reduced) in the patent sample appear as green. Spots that appear as purple are absent (or signi®cantly reduced) in the control. Where both colours are equally represented, they appear as black. Protein differences between gels can be viewed in 3D to ensure that a real spot is being detected rather than background noise. The middle panel corresponds to the control sample and the lower panel corresponds to the patient sample. Note that those spots (proteins) that have been identi®ed (either conclusively or provisionally) are labelled: (1) secretory actinbinding protein (increased levels in patient); (2) DEAD/DEAH box helicase (missing in patient); (3) bromodomain PHD ®nger transcription factor (missing in patient); and (4) outer dense ®bre protein 2/2 (increased in patient).
reproducibility. A large database of gels from eight donors produced over a prolonged time has enabled us to establish con®dence over the general patterns of spots displayed in the sperm proteome following 2DE. However, we wanted to examine this in a more objective manner by using gel analysis software. In the ®rst instance, these analyses were performed using Phoretix 2D Elite. Whilst much better than manual analysis, there was still an element of subjectivity involved in performing these analyses due to limitations of the software. In addition, such analyses are time consuming (~8 h to perform a paired gel comparison and con®rm the data). Recently, we have been able to use a new generation of gel analysis software (Phoretix Evolution). This is fully automated with more advanced spot identi®cation and more matching algorithms than the older software. As such, it may be thought of as a nonbiased form of analysis and requires only limited validation to con®rm correct spot identi®cation and spot comparisons between different gels.
Analysis of two gels with duplicate samples from the same ejaculate clearly demonstrated very low variation in the presence or absence of proteins in two samples prepared from the same donor ejaculate (Table I) . Assessment of different ejaculates from a single donor and ejaculates from two different fertile donors (intra-and inter-donor variability, respectively) again revealed remarkably low levels of variation in relation to the absolute presence or absence of proteins even though these samples were prepared and subjected to 2DE at different times. Although many experiments would need to be performed to be able to carry out detailed statistical analyses, it is remarkable just how little variation there is in absolute spot differences. Whereas we believe these absolute differences in proteins to be unique to either the patient or control gels, it is more dif®cult to be certain about those proteins with increased or decreased expression. Although we have used a large change in expression (>4-fold difference), it is possible that such differences might be accounted for due to limitations in the staining procedure used or the gel analysis software. For example, silver staining is not ideally suited for densitometry due to its limited dynamic range. Further analyses would be required to determine mean values for such altered expression from a number of gels in order to probe this fully.
In preliminary studies, we used direct swim-up procedures rather than density gradient centrifugation and saw more substantial variation between gels produced from the same donor from different ejaculates. Comparison between direct swim-up and density gradient centrifugation revealed much better reproducibility with the latter approach, and hence we have adopted this. Two of the most abundant proteins that were present in the swim-up but absent in the density gradient centrifugation fraction were identi®ed as the abundant seminal plasma proteins prostate-speci®c antigen and prostatic acid phosphatase previously reported by Starita-Geribaldi et al. (2001) (data not shown). Hence it appeared that there might be seminal plasma contamination, even though the technique was performed with great care, and that this might be the cause of the greater variability following swim-up preparation. Rather than direct contamination with seminal plasma, it might also be the case that these seminal plasma proteins are adhered to the sperm and not lost with swim-up, but are removed by density gradient centrifugation through Percoll. Secretory actin-binding protein and outer dense ®bre protein 2/2 were identi®ed conclusively from the multiple peptides, whereas bromodomain PHD ®nger transcription factor and DEAD/DEAH box helicase represent provisional identi®cations. PMF = peptide mass ®ngerprinting by MALDI-TOF mass spectrometry; MS/MS = tandem mass spectrometry.
Sperm proteomics after failed IVF
Although there is very little absolute variation in the proteome maps between different donors, the number of spots identi®ed that were unique to one sample in the control versus patient gel comparison was higher (48 differences compared with only 16 between different controls). This experiment was repeated three times and only those differences consistently observed were noted. Finally, the differences were compared with a further six control gels (two different ejaculates from three donors) and again only the consistent differences were included in the ®nal ®gure of 20 protein differences. In addition, differences in expression were only noted if these were high (>4-fold change in intensity). This therefore represents a very conservative estimate of the number of protein differences between this patient and the controls, and represents only those protein spots that we are con®dent from our studies are expressed differently in this patient compared with the fertile donors. We have performed enough experiments to con®rm the absolute differences between the patient and control. We are more circumspect about the altered expression and have purposely set the level of altered expression as >4-fold in order to record only spots where there is a large and consistent change in expression. There are limitations with the 2DE approach that we have used. The broad range immobilized pH gradients do not produce enough resolution to separate all of the proteins, especially in some overloaded regions of the gel. This might be overcome by running multiple gels either with different levels of protein loading or by using multiple overlapping`zoom gels' which have small pI ranges (Starita-Geribaldi et al., 2003) . The latter approach might also improve detection of the more minor proteins that may be expressed differently. In addition, the focusing strips used will fail to resolve the more acidic and basic proteins. Finally, some proteins, particularly hydrophobic membrane proteins, may not be solubilized during sample preparation.
We have successfully identi®ed two of these 20 proteins with provisional identi®cation for a further two proteins, and these data are summarized in Table II . The failed identi®cation of the other proteins was due to their low abundance, which was beyond the detection limits of our technology at present rather than due to failed assignment of large numbers of peptides identi®ed by MS/MS. Even with the state-of-the-art mass spectrometry facilities, where we can identify down to 2.5 fmol of peptide, faintly silver-stained protein spots still represent the limits of resolution of the technology. However, we will endeavour to address this in the future by, for example, pooling spots from multiple gels. There are very few groups studying spermatozoa that have successfully identi®ed proteins by de®nitive mass spectrometry. Indeed only Herr, Visconti and co-workers have consistently identi®ed low abundance sperm proteins from silver-stained gels (e.g. Naaby-Hansen et al., 2002; Ficarro et al., 2003) .
Considering each of the identi®ed proteins in turn, outer dense ®bre protein 2/2 was identi®ed conclusively. It has been been reported previously as one of a number of similar proteins in human, rat and mouse spermatozoa that are tail-speci®c cytoskeletal structures that surround the axoneme in the midpiece and principal piece (Brohmann et al., 1997; HoyerFender et al., 1998 HoyerFender et al., , 1999 . The ®bres function in maintaining the elastic structure and recoil of the sperm tail as well as in protecting the tail from shear forces during epididymal transit and ejaculation. The identi®cation of this protein is somewhat problematic in that the molecular weight of the protein resolved on the second dimension gel is lower than that predicted (18 kDa instead of~70 kDa). In addition, only peptides corresponding to about half of the protein were identi®ed. Therefore, this spot represents a fragment of the intact protein. It is possible to hypothesize that a raised level of this fragment might mean a reduced level of the intact protein which would have been missed in the analysis as it would localize to an overloaded area of the gel with poor resolution (70 kDa with a calculated pI 7.2±7.9). Defects in the outer dense ®bre might lead to abnormal sperm morphology and infertility. However, the experiments were performed only with PMSF present as a protease inhibitor. It may well be the case that increased levels of this fragment are artefactual and due to proteolytic cleavage of the protein during sample preparation and cell lysis. Further work would be needed to con®rm the reason for this result.
Secretory actin-binding protein was identi®ed using MALDI-TOF, and the protein localized to a position on the gel that was comparable with that predicted in the literature. Secretory actin-binding protein was ®rst identi®ed and characterized by Schaller et al. (1991) from human seminal plasma. It is also known as gp17, and this seminal plasma protein has been shown speci®cally to interact with CD4 on T cells (Autiero et al., 1995) . Increased levels of this protein might therefore cause increased interactions with T cells and this might be responsible for failed fertilization. It is also possible to envisage that a raised level of such a protein that would interact with the key cytoskeletal protein actin might affect fertility. In support of this is a report where an anti-actin monoclonal antibody inhibited the zona pellucida-induced acrosome reaction and also hyperactivation but not zona binding in human spermatozoa (Liu et al., 2002) . It is possible that the raised levels of secretory actin-binding protein might also act in a similar fashion and affect zona binding.
BLAST analysis shows that the gene is located on chromosome 7q32 and that this protein is identical to prolactininducible protein (PIP; Myal et al., 1991) . PIP is an aspartyl proteinase that is found in benign and malignant breast tumours and in such normal exocrine organs as sweat, salivary and lacrimal glands (Myal et al., 1991) . Secretory actin-binding protein is in the same protein family and very closely related to seminal vesicle autoantigen (Huang et al., 1999) that is present in the seminal plasma of mice. This 19 kDa secretory glycoprotein suppresses the motility of spermatozoa by interacting with phospholipids, and has also been shown to suppress other capacitation-related events, such as tyrosine phosphorylation (Huang et al., 2000) . It is tempting to suggest that secretory actin-binding protein might also have a similar role to seminal vesicle autoantigen in the human. However, in these experiments, we showed that the patient sperm prepared had signi®cant levels of progressive motility. Nonetheless, it is possible that this raised level of secretory actin-binding protein might inhibit the development of hyperactivated motility or other capacitation-related events which in turn might affect fertilization. These effects might be more marked in those spermatozoa not selected by this Percoll gradient technique and discarded. However, at this stage, these comments are only speculative and further work will be needed to assess the candidacy of this protein.
In two cases it was possible provisionally to identify proteins that were absent in the patient sample: DEAD/DEAH box helicase (DDX37) which is an ATP-dependent RNA helicase protein (Nagase et al., 2000) and bromodomain PHD ®nger transcription factor (Jones et al., 2000) . With regard to DEAD/DEAH box helicase (DDX37), the anxiety in terms of de®nitive identi®cation was that only one peptide was recovered that provided the match and the raw data were not fully convincing. Therefore, it is not possible to say conclusively that this protein is present. However, the data are stronger than for each of the two peptides for bromodomain PHD ®nger transcription factor. In both cases, the protein recovered was of a much lower molecular weight than the intact protein (in each case~20 kDa not 130 and 313 kDa, respectively) and so these proteins at best represent cleavage products.
In summary, this study represents the ®rst case where the sperm proteome map of a patient with a particular condition has been compared a number of fertile donor controls and should in part be thought of as a proof of principle that it is possible to probe infertility using 2DE of the entire sperm proteome as long as a considered approach is pursued. While we do not yet know the implications of the increased expression in the patient of outer dense ®bre protein 2/2 or secretory actin-binding protein, this study represents a useful base for further investigations.
We have only examined one patient to date. Only when a number of patients have been studied might it be possible to conclude which differences in protein expression are speci®c for individual patients and which are more widespread. Ultimately, this will enable further elucidation of the molecular mechanisms involved in this particular condition and might shed further light on key sperm proteins involved in fertilization. It is also an important prerequisite to the development of diagnostic tests to identify these men in a clinical environment, and in the future might also be applied to the development of novel methods of sperm-targeted contraception.
